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THE AIRWAY STRUCTURE OF THE human lung is largely formed by dichotomous branched airway, starting at the trachea (26) . With increasing depth into the airway tree, the diameter of the airways is reduced. The tree of pipelike, purely conduction airways is formed by ϳ10 generations of bronchi, followed by approximately 4 generations of bronchioles, and ends in the terminal bronchioles. The following respiratory bronchioles contain the first alveoli and mark the beginning of the gasexchange region. The change between purely conducting and gas-exchanging airways is identified by the appearance of alveoli, structural modifications of the airway wall, and of the lining epithelium (see Fig. 1 ). Beyond this point, the following airways form one functional lung unit, the so-called pulmonary acinus. The total volume of all acini thus corresponds to the volume of the gas-exchange area of the lung, which is ventilated by the most distal generation of purely conducting bronchioles (15) . In humans, the acini possess approximately four generations of respiratory bronchioles, each owing four generations of alveolar ducts. While the walls of the respiratory bronchioles contain a limited number of alveoli, alternating with bronchiolar epithelium, the walls of the alveolar duct entirely consist of the entrance rings of the alveoli (16) .
In the rat lung, the start of the gas-exchange region is not marked by respiratory bronchioles, but by one generation of transitory bronchioles. These are tubelike structures, where the proximal part resembles the wall of a terminal bronchiole, and the distal part an alveolar duct. This well-recognizable transition from the conducting to the gas-exchanging airways allows us to identify individual acini in three-dimensional datasets.
Extracting individual acini from physical sections of lung tissue for an analysis of the acinar volume is extremely timeconsuming, since the acini could not be identified on any kind of two-dimensional sections without the information stored in the third dimension. Woodward and Maina (30) achieved three-dimensional reconstructions of three adult duck lungs using intense manual effort to trace serial sections of the tissue. Rodriguez et al. (15) claimed to have done the "first attempted serial-section reconstructions" of rat lung acini "but realized the limitations of this very tedious although precise method" and finally switched to casting of airways with silicon to assess the acini in rat and rabbits. They analyzed acini of one animal for each species.
Mercer and Crapo (13) manually traced several rat acini on photographs of serial sections with a thickness of 3 m each. Due to the substantial effort for relating each alveolus to a ventilatory unit, Mercer and Crapo performed such a tracing for "only a few" undefined number of cases.
Vasilescu et al. (25) presented a method to analyze individual murine acini by imaging using micro-computed tomography (micro-CT). They stereologically estimated volume and surface for individual mouse acini; these parameters were estimated for 22 individual acini (10 acini in 4 young mice and 12 acini in 6 old mice).
Other researchers have analyzed several murine acini, e.g., Kumar et al. (10) based on micro-CT data, while Sera et al. (18) and Xiao et al. (32) analyzed data obtained at the synchrotron radiation facility SPring-8 in Japan. In total, all of these researchers semiautomatically extracted and analyzed 14 individual acini.
Our study describes a method to isolate a large number of individual rat lung acini from synchrotron radiation-based tomographic microscopy datasets to analyze their structural parameters like volume, surface, and number of alveoli. Since tomographic imaging of the lung tissue preserves the threedimensional structure, we were able to identify individual acini on virtual two-dimensional slices. The presented process makes a precise stereological analysis of the isolated acini easily feasible. In addition to the stereological analysis, we performed a segmentation of individual acini and determined their volume by voxel counting using a visualization software.
MATERIALS AND METHODS

Rat Lung Samples
Three 60-day-old Sprague-Dawley rats (see Table 1 ) were deeply anesthetized with a mixture of 0.5 mg/ml xylazine and 50 mg/ml ketamine in 0.9% NaCl at 1.5-2.5 l/g body wt.
The lungs of the animals were instilled with 2.5% glutaraldehyde in 0.03 mM potassium-phosphate buffer (pH 7.4) at a constant pressure of 20 cmH 2O column. At this pressure, the rat lung reaches its midrespiratory volume. After instillation, the lung was removed from the chest cavity, and the pressure was maintained during fixation to prevent a recoiling of the lung (27, 28) .
After fixation, the samples were prepared for tomographic imaging by postfixation with 1% osmium tetroxide and staining with 4% uranyl acetate to increase the X-ray absorption contrast. Using Histoclear (Merck KGaA, Darmstadt, Germany) as an intermedium, the samples were dehydrated in a graded series of ethanol and embedded in paraffin before they were mounted onto standard scanning electron microscopy (EM) sample holders (PLANO, Wetzlar, Germany) with paraffin (24) . Tissue shrinkage due to paraffin embedding has been measured with water displacement (7) and subsequent point counting on equidistant serial sections (Ref. 3, Cavalieri method).
The handling of animals before and during the experiments, as well as the experiments themselves, were approved and supervised by the Swiss Agency for the Environment, Forests and Landscape and the Veterinary Service of the Canton of Bern, Switzerland.
Tomographic Data Acquisition
Tomographic imaging was performed at the TOMCAT beamline (19) of the Swiss Light Source at the Paul Scherrer Institute in Villigen, Switzerland. The samples were scanned at an X-ray energy of 20.0 keV. X-rays were converted into visible light by either a 20-m-thick LuAG:Ce or 18-m-thick YAG:Ce scintillator screen (both Crytur, Turnov, Czech Republic), depending on the date of experiment. The visible light was magnified using a ϫ10 magnifying, diffraction-limited microscope optics and recorded with a 2,048 ϫ 2,048 pixel charge-coupled device camera (pco.2000, PCO, Kelheim, Germany) with 14 dynamic range operated in 2 ϫ 2 binning mode. As a result, the voxel side length was 1.48 m, and the exposure time was between 160 and 200 ms.
Alveolar septa in rats have a mean thickness of 5-10 m [calculated from data by Burri (2) ]. To unambiguously segment the alveolar septa in our datasets, a resolution of about 2 m was required. To extract a large amount of individual acini, we needed to acquire high-resolution tomographic scans covering a large volume. Matching both the constraint in high resolution and large sample volume is relatively straightforward with the imaging capabilities of TOMCAT, as described below. Using a micro-CT imaging system, we would have needed to employ a cumbersome multistep process [overview scan, segmentation of region of interest (ROI), cutting of the sample, and subsequent high-resolution scan of this ROI] to achieve a comparable result, but with a lower resolution and contrast.
Since our samples were larger than the field of view of TOMCAT at the aforementioned optical properties (1.52 ϫ 1.52 ϫ 1.52 mm), we used the so-called wide-field scanning method (5), where three independently acquired tomographic scans perpendicular to the rotation axis of the sample are merged to cover the desired field of view. Additionally, several wide-field scans were stacked parallel to the rotation axis of the sample. The resulting tomographic datasets covered a field of view of ϳ4.5 ϫ 4.5 ϫ 4.5 mm 3 (3,000 ϫ 3,000 ϫ 3,072 voxels at 1.48-m side length).
Visualization and Extraction of Acini
The tomographic datasets of the sample were three-dimensionally analyzed and visualized using MeVisLab (version 2.1, 2010-07-26 release, MeVis Medical Solutions and Fraunhofer MEVIS-Institute for Medical Image Computing, Bremen, Germany) (1). The analysis and visualizations were performed using a Dell Precision T7500 work station (24 GB RAM, Intel Xeon CPU X5550 at 2.66 GHz, Windows 7 Professional 64).
The tomographic datasets obtained at TOMCAT were converted from a stack of TIFF files to the multi resolution GVR image format of MeVisLab. This permitted us to easily switch between resolutions in the dataset to interactively perform the visualization and preliminary analysis on a lower resolution before the final analysis on full-resolution datasets. Inside MeVisLab, we developed a graphical user interface (GUI) using the MeVisLab Definition Language to define ROIs in the dataset, to isolate individual acini, and to extract them from the tomographic dataset for subsequent verification. With the same GUI, we visualized the extracted acini, calculated their volume, and exported a three-dimensional dataset of each acinus in Digital Imaging and Communications in Medicine (DICOM) format for further (stereological) analysis.
Segmentation of individual acini. Airway subdivisions were segmented using a gray-level threshold-based region growing algorithm (34) . A seed point for the region-growing algorithm was manually defined inside the conducting airways on one of the most proximal slices of the dataset. As a result, the tree was composed of both conducting and gas-exchanging airways. Using segmentation stoppers, called "manhole covers", all acini of one segmented tree of airways were isolated. As a result, the tree of airways was subdivided into the purely conducting airways and multiple adjacent separated acini ( Figs. 1 and 2 ).
The locations of the manhole covers were defined based on morphological criteria, i.e., changes in the thickness and structure of the epithelium and airway wall, as well as the appearance of firstmost proximal alveoli. Both events mark the transition from conducting to gas-exchanging airways. The manhole covers were defined by their diameter and surface normal. The origin and direction of the surface normal of the manhole covers were semiautomatically placed in the three-dimensional tomographic dataset using the aforementioned custom MeVisLab GUI. The location and direction of the segmentation stoppers was exported as XML data.
Once all acinar entrance points were defined, we extracted the volume of each isolated acinus (shown as yellow volumes in Fig. 2 , right) in an automated third step.
We extracted the volume of the individual acini using an additional region growing module. A point along the surface normal defining the manhole cover was used as seed point for this region-growing segmentation.
The only manual work needed for the final extraction of the volume of each acinus was the iterative selection of the appropriate segmentation threshold and subsequent tabulation of the automatically calculated acinar volume. The volume of each individual acinus was calculated by multiplying the amount of segmented voxels by the voxel volume.
The individual acini were exported to DICOM files for further processing, as described below. The exported files contained a combination of the segmented acinar volume in the foreground with the corresponding ROI of the original tomographic dataset in the background, as seen in Fig. 3 .
Stereological Analysis
To check the calculated volumes against a gold standard method, we stereologically estimated the volume of the individual acini (Fig.  3) . To guarantee accurate and unbiased results, we standardized each step of tissue fixation, processing, and sampling. We performed a 500µm Fig. 2 . Visualization of the work flow for the extraction of the acinar volumes in a rat lung sample (postnatal day 60). Left: three-dimensional visualization of the sample. To increase the field of view, a stack of three wide-field scans were taken. The borders between the three stacked scans are indicated by a dashed green line. Middle: extracted airway segment (green) superimposed on the sample. Using a gray level threshold-based region growing algorithm, we extracted conducting airways inside the sample. The red disks (nicknamed manhole covers) were semiautomatically placed and used as segmentation stoppers for the region growing during segmentation of individual acini. Right: four extracted acini are shown superimposed over the sample in yellow. Fig. 3 . Screenshot from the STEPanizer counting window. The segmented acinus is visible in light gray, the manhole cover that was used to separate this acinus is marked with a dashed green line. Both structures have been merged with the original tomographic data using our MeVisLab work flow and exported to a stack of JPG files. Line and point probes used for counting are shown as red lines and green circles. Counting events are marked as yellow circles. Scale bar: 100 m.
stereological estimation of standard lung parameters according to Hsia et al. (7) .
A MATLAB script was used to perform a systematic random sampling of slices of each individual acinus and to export the selected slices as JPG sequences for stereological analysis.
Using the web-based stereology freeware STEPanizer (Ref. 22 ; http://stepanizer.com), we analyzed the volume, surface area, and number of alveoli of the extracted acini. The volume was estimated according to the Cavalieri principle: the profile area on equidistant serial sections of acini was estimated by simple point counting (3). The volume was calculated by multiplying the area estimate by the distance of the serial sections, taking into account tissue shrinkage due to paraffin embedding. Intersection counts of the acinar surface with geometric line probes were counted to estimate the internal acinar surface area (Fig. 3) . Alveolar number was estimated by counting the number of entrance rings in paired sections by using the experimental disector (20) feature of the STEPanizer (Fig. 4) .
RESULTS
Segmentation of Individual Acini
The novel method described in Segmentation of individual acini above was used to extract individual functional units of three rat lungs from high-resolution synchrotron radiationbased tomographic datasets. Based on morphological criteria (thickness of the wall of the airways and appearance of the most distal alveoli), we placed segmentation stoppers into the airways at the transition of purely conducting to gas-exchanging airways (Fig. 1) . As a result, we were able to isolate individual acini (two acini are shown in Fig. 5 ).
In the next step we performed a segmentation of 43 individual acini (see Table 2 ) using a gray-level threshold-based region growing algorithm.
Acinar Volume
The volume of individual acini was either automatically assessed by adding the segmented voxels inside the acini and multiplying them with the voxel volume, or manually estimated by using the Cavalieri method (3).
We assessed the tissue shrinkage of the heavy metal postfixed and paraffin-embedded samples by dividing the volume of embedded samples [assessed by point counting on equidistant slices of the tomographic datasets (Ref. 3, Cavalieri method)] by the volume of the samples before paraffin embedding [measured with the water displacement method (7)]. The shrinkage factor was found to be 0.61 Ϯ 0.05 (i.e., the samples shrank by 39% in volume due to the embedding), which we corrected for in all our calculations.
A mean acinar volume of 1.148 mm 3 and a SD of 0.322 mm 3 was estimated (see Table 2 for details). We removed four outliers from the volume data because their value was larger than the mean volume value Ϯ 2 ϫ SD (red dots in Fig. 6 ).
Acinar Surface Area
The estimation of a surface area, which corresponds to the diffusion relevant gas exchange surface, causes the classic coastline paradox, where a measurement of a length or surface area heavily depends on the scale of the measurement (12) . Without going for more elaborate methods, an automatic extraction of the surface area of the individual acini may be subjected to considerable bias.
We, therefore, used a classical stereological approach to estimate the surface area of the acini by counting interception of test lines with the alveolar septa (7) at the original resolution of our datasets, which was approximately equal to light microscopical (LM) images taken with a ϫ10 lens.
For the three different animals, we calculated a mean acinar surface of 73.9 mm 2 with a SD of 25.2 (see Table 2 for details).
Number of Alveoli Per Acinus
By applying the disector principle, we counted the new appearance of alveolar entrance rings corresponding to the number of alveoli (8, 14, 20) . In practice, the presence or absence of a tissue bridge connecting the free edges of alveolar septa on one section (sampling, Fig. 4, left) but not on the other one (look-up, Fig. 4, right) is counted. We found a mean number of alveoli for all analyzed acini of 8,470 with a SD of 5,979 (see Table 2 for details).
Total Number of Acini
We estimated the total number of acini per lung by dividing the total parenchymal volume by the mean acinar volume. For the three lungs investigated, we calculated 12,145, 6,914, and 6,865 acini/lung, respectively, resulting in a mean of 8,641 with a SD of 2,478.
The absolute number of acini per lung can also be estimated by dividing the estimated total number of alveoli in the entire lung (S. A. Tschanz and J. C. Schittny, personal communication) by the number of alveoli per acinus. For the three lungs investigated, we calculated 6,052, 6,066, and 4,292 acini/lung, respectively, resulting in a mean of 5,470 with a SD of 833.
Comparison of Volumes Obtained From Automatic vs. Manual Assessment
The volume of the individual acinus has been assessed by automatic voxel counting (Segmentation of individual acini) as well as by manual, stereological estimation (Stereological Analysis).
The manual stereological method results in a value 2.7ϫ larger than the automatic method using voxel counting. Detailed results are shown in Fig. 6 , and the considerable difference is explained later on in the DISCUSSION.
DISCUSSION
The functional relevant parenchyma in the mammalian lung is grouped into acini. These ventilatory end units contain all alveoli aerated by a terminal bronchiole. With respect to lung development growth and regeneration, acini are a particularly important structural entity.
An estimation of the volume, the surface area, as well as the number of contained alveoli assigned to one particular acinus is not possible using LM on classic tissue sections. Methods for estimating the total number of ventilatory units (equivalent to Stereological Characterization of Individual Acini • Haberthür D et al. acini in species without respiratory bronchioles) do exist (31), but they only permit an estimation of the global number of acini. This is due to the loss of the three-dimensional context of a supposed acinus on sections, which prevents an unbiased assignment to an individual acinus.
With our proposed method, we can extract individual acini from three-dimensional tomographic datasets without destroying the three-dimensional context. We can thus assess several biologically interesting parameters mentioned above for each acinus individually.
To the best of our knowledge, an extraction of such a large number of rat lung acini from high-resolution tomographic datasets has never been achieved before. The extraction we performed allows us to obtain data on acinar volume, surface area, and numbers of alveoli per acinus.
The volume of the acini can be extracted automatically; parameters like surface area as well as number of contained alveoli can be extracted with simple stereological counting, requiring manual labor.
With the proposed method, we can analyze structural changes in the acinus during postnatal development, like disease or differences between wild-type and knock-out animals.
Acinar Volume
Rodriguez et al. (15) found that the right upper lobe of one rat contains 613 acini with a mean volume of 1.98 mm 3 (0.5-5 mm 3 ). Mercer and Crapo (13) stated that the total volume of ventilatory units, defined as "alveoli ϩ ducts" was 0.522 mm . Mercer and Crapo assigned the transitory bronchioles to the conducting airways. Thus the start of their acini was one generation deeper, resulting in a volume about two times smaller than our acinus. In that light, our stereologically estimated mean acinar volume is in the range of previously published data.
Total Number of Acini
We did not directly estimate the number of acini, but calculated this number by two different approaches: 1) by dividing the total number of alveoli (S. A. Tschanz and J. C. Schittny, personal communication) by the mean number of alveoli per acinus; and 2) by dividing the total parenchymal volume (23) by the mean acinar volume (see above).
This calculation is valid, if we assume the acini showing a similar size throughout the different regions of the lung. This assumption is supported by findings that the lung lobe in the rat can be used as a representative for quantitative assessments for the whole organ (33) .
We found a mean number of 5,470 acini/rat lung for our three animals by the alveolar number based calculation and a value of 8,641 by the volumetric approach.
We favor the alveolar number based value of 5,470 acini/ lung due to a more reliable assessment and being closer to previous published data (see below). The estimation of the volume is depending on the state of inflation of the lung during analysis. For methodical reasons, the filling of a particular region of the lung is fluctuating to some extent, and, furthermore, the filling varies between different samples. Instead, counting the number of alveoli is independent of volumetric variations.
Rodriguez et al. (15) found a total of 4,023 acini in the whole lungs for one rat, while Mercer and Crapo (13) found "an estimate of 2,020 terminal bronchioles as well as acini per lung." Mercer and Crapo mention that differences in these numbers appear to be due to the different definition of the acinus, i.e., that one ventilatory unit does not correspond to one acinus in their definition.
Number of Alveoli per Acinus
We found 8,470 Ϯ 5,979 alveoli/acinus, showing a considerably large deviation. This clearly indicates that acini not only differ in size (see deviations in volumetric data of us and others above), but also in the degree of alveolar content. While our volumetric values showed a deviation of ϳ28%, the deviation of alveolar number in the same sample of alveoli was at an impressive 70%. Obviously the variation of alveolar number in acini is superior to variations in their volume. As alveolar number is inverse proportional to alveolar size, we can also conclude that size variation of alveoli must be important.
Comparing the number of alveoli per acinus in this rat study with data published for the mouse acinus by Vasilescu et al. (25) seems striking. Their values of 936 Ϯ 254 in old mice was 9ϫ lower than our results. Nevertheless, we believe that the numbers are valid and in relation to other data. A summary of the parameters mentioned in this section is found in Table 3 .
When looking at this species comparison, the interesting question arises whether there is a particular site of changes in size and/or number where these differences in lung parenchyma originate, i.e., can we see a particular level of adaptation?
The three levels are as follows. 1) Lung: Total lung volume in adult animals showed a difference of ϫ7.4 from mice to rats [10, 3) Alveoli: We calculated the mean alveolar volume by dividing the mean acinar volume by the mean number of alveoli per acinus. The mean acinar volume was corrected for the ratio of alveolar vs. ductal volume. The mean alveolar volume is 88,099 m 3 for rats. The alveolar volume in mice was found to be 59,500 m 3 (9), a value 1.48ϫ larger. On each level of these parameters, we see larger values for rat compared with mice.
The lung volume and the acinar volume change substantially between the species (ϳ7ϫ), while the alveolar volume changes only slightly (1.5ϫ). We hypothesize that the additional volume of the rat lungs is filled with substantially more and slightly larger alveoli, resulting in a larger number of alveoli/ acinus in rats (9ϫ more than in mice).
Acinar Surface Area
To automatically extract the surface area of the individual acini, one would need to perform a three-dimensional triangulation of the alveolar surface by mapping the edges of voxels to adjoining triangles in the three-dimensional space. While various methods of triangulating a surface do exist, limitations in our computing power would have required a binning of the data, which represents a reduction of the resolution. There are several methods for triangulation of three-dimensional surfaces (11, 17) ; nonetheless all of these methods cannot overcome the problem of the coastline paradox (12) .
We thus did not assess the acinar surface by triangulation, but used a classic stereological approach to estimate the surface area of the acini. Because, to the best of our knowledge, the surface area of rat acini have not been analyzed so far, we can only relate the estimated surface area to total numbers obtained for rat lungs.
The measuring method presented in this paper has approximately the same resolution as LM. Tschanz et al. (23) estimated the absolute air space surface in the rat lung by stereological estimation using EM images and found a mean absolute air space surface of 8,021 cm 2 for the same animals shown in this study. By multiplying the number of acini by the mean acinar surface area, we found the mean absolute air space surface area to be 5,891 cm 2 , a value 1.362ϫ smaller than the value of Tschanz et al. The differences may be explained largely due to the resolution of the different imaging methods and is probably mostly based on the coastline paradox, as explained in Acinar surface area.
For human lungs, the alveolar surface has also been estimated at both EM and LM level. Gehr et al. (4) (EM) estimated the alveolar surface area to be 143 m, while Weibel (29) and Thurlbeck (21) (both LM) found an average estimate of the alveolar surface of 82 m, a value 1.744ϫ larger. This factor is comparable to our difference between the two above-mentioned methods.
Comparison of Volume Estimation Methods
As expected, both methods for volume estimation (threshold-based voxel segmentation vs. Cavalieri-based estimation) show different results. The volumes of individual acini estimated with the stereological method show a 2.7ϫ larger value than when assessed with the automatic method using voxel counting. Since the automatic calculation of the acinar volume just adds up all segmented voxels, an imprecise segmentation leads to an underestimation of the acinar volume. Figure 7 shows exemplary slices for acini with large differences in volume between the two methods. Due to inevitable segmentation inaccuracies (dark spots inside the segmented acinus in Fig. 7, left) , we underestimated the volumes with the automatic method compared with the manual, stereological method, where we easily can discard such inaccuracies due the human visual inspection.
In some extracted acini, we have seen differences in gray values in the z-direction of the stack. Since the region growing segmentation method uses the same threshold throughout the ROI, slices were sometimes heavily underestimated in terms of included voxels. One such example is shown in Fig. 7 , right.
Additionally, we might see the so-called edge effect, which can be explained as follows. The alveolar septa at the boundary of the acini are used as border for the segmentation. In the images we analyzed, the border between the tissue (septum) and the air space does not represent a sharp top-hat-like profile, Fig. 7 . Sections of two acini showing large differences between the automatic and manual volume assessment. The inaccurate segmentation represents the reason why the automatically derived volume was significantly smaller for these two acini than the volume estimated stereologically. Left: minor segmentation errors due to noise observed in the air space (dark spots inside gray region). Right: large segmentation errors. Such large errors may arise due to brightness changes and noise in the dataset, which render the threshold chosen unusable for some slices of the dataset. Scale bar: 100 m.
but looks more like a slope profile. Therefore, the most peripheral gray values of the air space are a bit higher than the inner ones. The threshold had to be chosen ensuring that neighboring acini are separated. As a result, the most peripheral voxels may not be included in the segmented volume. Because these voxels represent the outermost layer of the segmentation, they represent a quite large volume. We thus expect the automatic volume estimation through grey level-based threshold segmentation to show a larger variability and to generally result in underestimated volumes. As soon as better segmentation methods are becoming available, the automated method will become more reliable and accurate.
Since these automatically extracted regions were merely used as an optic guide for the manual, stereological method, it is obvious that the manual method shows larger and more precisely estimated volumes than the automatic method, which, in contrast, is by magnitudes faster.
Manually estimating the volume of the individual acini using the STEPanizer took several working days for the few acini shown in Fig. 6 . As soon as the segmentation stopper are defined in the sample, the automatic volume calculation can be performed in less than 1 min per acinus.
Conclusions
The hereby presented segmentation method is well suited to semiautomatically isolate individual acini from three-dimensional datasets for further stereological analysis. To the best of our knowledge, the presented sequence of operations is the only one published to permit an easy, fast, and semiautomatic extraction of individual acini. After the extraction of the acini, a fully automated calculation of the volume of individual acini is possible, thus for the first time enabling the study of large amounts of individual acini in a relatively short time. This opens up the possibility to efficiently estimate biological parameters like volume and surface of individual acini, as well as the number of acini in the mammalian lung using well-established stereological methods.
We know that we can correlate data obtained from synchrotron radiation-based tomographic microscopy datasets to EM images, as shown before (6) . In this paper, we show that it is also possible to extract meaningful biological parameters from samples imaged using ultra-high-resolution tomography without destroying the spatial information in the lung structure, i.e., to perform a nondestructive analysis, something which is not possible with classic LM imaging.
In the presented study, the segmentation of the individual acini was used to label the acinar structure on the virtual sections for stereological analysis; thus the segmentation and extraction of the individual acini is the prerequisite for the recognition of the acini. This segmentation and extraction process represents the main amount of time spent evaluating the data; the calculation of the volume of the extracted acini can automatically be performed in a very short time. With a more advanced segmentation algorithm, it would be possible to automatically and accurately estimate the volume of a very large amount of acini in a very short time, since our proposed method for estimating the volumes of isolated individual acini is by magnitudes faster than manual stereological counting.
In addition, our proposed method may also be used to estimate changes in the lung structure (e.g., acinar volume, number of alveoli, etc.) during the development of the lung. We have only shown data for one time point in the lung development, but a stereological estimation of the presented parameters would also be possible for multiple time points during lung development or in different disease models like fibrosis or emphysematous lungs.
